In this paper, 732 high-pressure K-values obtained from PVT analysis of 17 crude oil and gas samples from a number of petroleum reservoirs in the UAE are used. Material balance techniques are used to extract the K-values of crude oil and gas components from the constant volume depletion and differential liberation tests for the oil and gas samples, respectively. These K-values are then correlated and the resulting correlation compared with published correlations. Comparisons of results show that currently published correlations give poor estimates of K-values for non-hydrocarbon and hydrocarbon components, while the proposed new correlation improved significantly the average absolute deviation for non-hydrocarbon and hydrocarbon components. The average absolute error between experimental and predicted K-values for the new correlation was 20.5% compared with 76.1% for the Whitson and Torp correlation, 84.27% for the Wilson correlation, and 105.8 for the McWilliams correlation. Additionally, the bubble point and dew point pressures are calculated for these 17 samples and compared with experimental values. The average absolute error in the saturation pressures for the new correlation was 6.08% compared with 56.34% for the Wilson correlation, 57.84% for the Whitson and Torp correlation, and 9.28% for the Peng -Robinson equation of state with default parameters. q
Introduction
Equilibrium ratios play a fundamental role in the understanding of phase behavior of hydrocarbon mixtures. They are important in predicting compositional changes under varying temperature and pressure in reservoirs, surface separations, and production and transportation facilities. In particular, they are critical for reliable and successful compositional reservoir simulation. Equilibrium ratios, more commonly known as K-values, relate the vapor mole fractions, y i ; to the liquid fraction, x i ; of a component i in a mixture,
In a fluid mixture consisting of different chemical species at high pressure, K-values are dependent on pressure, temperature, and the composition of the mixture. This extra dependency on the fluid composition, for high-pressure systems compared to low-pressure systems, has limited our ability to predict high pressure K-values empirically and shifted the emphasis for preferred methods to using the more sophisticated equations of state approach. The objective of this work is to evaluate the published empirical correlations that could possibly be used for computing K-values for high-pressure systems, namely the Wilson, Whitson and Torp, and the polynomial equation of McWilliams, using the experimental K-values extracted through material balance techniques from PVT tests performed on UAE petroleum samples, and to develop a new correlation for UAE crudes formulated using the multivariable regression technique. To test the merits of the new correlation, a comparison is performed for predictions from all correlations with experimental K-values and with measured bubble and dew point pressures.
Literature review
A search of the literature reveals that only few authors attempted to obtain a direct general correlation for K-values from experimental data, especially for high-pressure systems. Wilson [1] proposed a simplified expression in the form
where p ci is the critical pressure of component i (psia), T ci is the critical temperature of component i (8R), v i is the acentric factor of component i; p is the system pressure (psia), and T is the system temperature (8R 
where
The convergence pressure, p k ; concept is based on the observation that if we hold a hydrocarbon mixture of a certain composition at a constant temperature and increase the pressure, then the equilibrium values for all its components converge toward a common value of unity at a certain pressure called the convergence pressure. In computing high pressure K-values using the WhitsonTorp correlation, one has to be careful not to use the correlation for pressures above the convergence pressure, as this is not meaningful. There are a number of methods to calculate the convergence pressure [3] . For simplicity, the method we used here is Rzasa's Method [4] , which is a simplified graphical correlation for predicting the convergence pressure of light hydrocarbon mixtures. Rzasa used the temperature and the product of the molecular weight and specific gravity of the heptane-plus fraction as correlating parameters. The graphical correlation is expressed mathematically by the following equation
where (MW) C 7þ is the molecular weight of C 7þ , ðgÞ C 7þ is the specific gravity of C 7þ , a 1 -a 3 are the correlation coefficients with the following values: a 1 ¼ 6124:3049; a 2 ¼ 22753:2538; a 3 ¼ 415:42049; and T is the reservoir temperature in 8R.
DePriester [5] 
where T is in 8R and p is in psia. a T1 ; a T2 ; a T3 ; a p1 ; a p2 ; and a p3 are constants. McWilliams equation is valid from 2 70 8C (365.7 8R) to 200 8C (851.7 8R) and from 14.69 to 870.7 psia (101 to 6 MPa). Habiballah et al. [7] looked at some of the direct methods currently available in the literature for both high and low pressures, and commented that they generally lacked good accuracy. They used instead neural networks that are trained on a large group of data, and reported quick estimates with accuracy similar to the traditional methods, provided that some functional relations are provided relating K-values to pressure and temperature. We will not deal with neural nets in this paper.
Even though the Whitson and Torp correlation is the only direct method designed for high-pressure systems, we will include in the comparisons both the Wilson correlation as the basis for the Whitson -Torp correlation, and the McWilliams correlation, which it and the Whitson -Torp correlation both form the basis for the developed correlation.
Developed K-values correlation
In this study, the form of equation that is developed is based on the polynomial form used by the McWilliams correlation (Eq. (6)) but with additional term as a function of v used for the C 7þ fraction only, and an adjustment for the effect of composition similar to the one suggested by Whitson and Torp (Eq. (3)). The developed equation is
and P ci ; P k ; and A are as defined previously in the Whitson and Torp correlation. The polynomial equation of the McWilliams correlation provided a more flexible form to fit the data while the theoretical requirement that all K-values should converge to one at the convergence pressure was provided by the Whitson-Torp adjustment. The constants of Eq. (8) have been computed by minimization of the following objective function
are the extracted K-values from experimental data, and, ndata is the number of data points. Minimizing over the sum of absolute relative errors gave the best results as the data had some scattered points, and its accuracy would have been affected if the more common minimization over the sum of squares of relative errors were used. The results from this equation are compared next with other correlations.
For the C 7þ pseudo-component, the Riazi -Daubert [8] correlation was used to obtain the critical pressure. Also, the Edmister [9] correlation was used to obtain the acentric factor, v: Both of these correlations are widely used for characterizing the plus fraction [3] .
Extracting K-values from CVD and DL Tests
Extracted K-values can be obtained from three types of PVT tests, namely differential liberation test (DL), constant volume depletion test (CVD), and separator tests, provided that measurements of the composition of the gas exiting the PVT cell are performed at each pressure stage. The separator test is normally carried out at relatively low pressures, approximating surface separator conditions for crude oil systems. These type of data for UAE crudes were analyzed by Almehaideb et al. [10] , who showed how to extract K-values from separator tests and proposed a new correlation for UAE crude oil at low pressures.
The DL test and the CVD tests, on the other hand, are for high-pressure oil and gas-condensate systems, respectively [11] . These data were extracted using a similar methodology but with equations suitable for the DL and CVD tests. Relevant equations are reported in number of papers and textbooks. Here, the equations reported by McCain [12] , and Whitson and Torp [2] will be used as a starting point. The equations are normally used to estimate PVT parameters. These equations were used in this work in the reverse manner, i.e. to obtain extracted K-values using these equations with the experimental measurements of the above PVT parameters.
For CVD Data, the total moles at pressure stage k; n tk equals initial moles n 1k minus cumulative moles of the vapor produced, based on 1 mol of feed, then
Also, the total composition of the fluid in the cell for the i component at pressure stage k; can be expressed as
where Dn pj is the incremental moles of vapor produced from the cell during stage j; and z i1 is the initial fluid composition at stage 1 (saturation conditions). Based on 1 mol initial fluid, cell volume can be calculated from initial fluid properties, which for gas condensate is
and for volatile oils,
where R ¼ 10.73 psia cu ft/mol 8R, M b ; r b are bubble-point molecular mass and density, respectively, Z d ; p d are the dew-point fluid compressibility factor and pressure, respectively. At each depletion pressure, liquid volume is measured visually and reported as a fraction, S Lk ; of the cell volume. And, from a volume balance, vapor volume, V vk ; is
Using the real gas law, the corresponding moles of vapor n vk are calculated from
where Z k is the vapor compressibility factor which is measured at each stage, corresponds to pressure p k : Then the liquid composition of the component i at pressure stage k is calculated from:
The final step is the evaluation of the K ik ;
The data measured directly from CVD test and appearing in the above equations is: † Dew-point pressure, † Composition change of gas phase with pressure depletion, † Compressibility factor at reservoir pressure and temperature, † Recovery of original in-place hydrocarbon at any pressure, † Retrograde condensate accumulation, i.e. liquid
saturation.
An example of the calculations to extract K-values from CVD data for one of the gas samples is shown in Table 1 .
For the DL, the GOR coming from the cell, in (SCF/STB), can be expressed as [12] 
where n gi is the mole fraction of the gas released at pressure stage i; based on one mole feed; n Li is the mole fraction of the liquid in the cell at pressure stage i; based on one mole feed; r STO the density of the remaining oil in the cell, lb m /ft 3 , M STO the molecular weight of the remaining oil, and the oil formation volume factor, B o is expressed as
where r or ; and M or are the reservoir density and molecular weight, respectively. Dividing Eq. (19) by Eq. (20), one can obtain a simple equation to evaluate the gas mole fraction as:
The liquid mole fraction x i for each stage are then calculated using the component material balance given the feed mole fraction z i and the gas mole fraction y i coming out of each stage: The experimental data needed to evaluate K-values are thus: † Compositional analysis of the reservoir fluid and its average molecular weight ðM or Þ; † The oil density and the oil formation factor at the bubble point ðr ob ; B ob Þ; † The gas/oil ratio for each stage ðR si Þ; † And the compositional analysis for gas exiting at each stage ðy i Þ:
An example of the calculations to extract K-values from DL data for one of the oil samples is shown in Table 2 . 
Data sources

Results and discussion
Extracted K-values were statistically compared in this study with results predicted using the Wilson correlation, Whitson and Torp correlation, McWilliams correlation, and the new proposed correlation. The new correlation for UAE crudes was obtained by tuning the correlation to better fit the UAE data using multi-variable regression. Here, the multivariable regression technique was used to obtain the best values for a T1 ; a T2 ; a T3 ; a p1 ; a p2 ; a p3 ; and a v constants. All a v values are considered to be zero except for C 7þ . The new correlation parameters are listed in Table 3 . Fig. 1 shows graphically the K-values for all components vs. pressure and temperature generated by the proposed correlation for a typical crude oil at 8000 psi convergence pressure.
The following is a statistical comparison of the results obtained by the three published correlations and the new correlation with the extracted values of equilibrium ratios. Further improvement in the accuracy of estimating K for the C 7þ fraction was, however, difficult due to the undefined nature of this fraction.
All components
Comparison with saturation pressure measurements
As a further check on the accuracy of the new correlation, the independent measures of the bubble and dew points for the seventeen samples were calculated using the new correlation, the published correlations, and the Peng -Robinson equation of state with default values. The results of this comparison are shown graphically in Fig. 10 . They show that the Wilson correlation and to a lesser extent the Whitson and Torp correlation, because they generally overestimated the K-values, gave smaller dew points and higher bubble points. The proposed correlation and the PR-EOS, on the other hand, can be used to obtain reliable estimates. The McWilliams correlation could not be included in this comparison because there is no description for the C 7þ fraction. The average absolute error in saturation pressures for the proposed correlation is 6.08% compared to 56.34% for Wilson correlation, 57.84% for Whitson and Torp correlation, and 9.28% for Peng -Robinson EOS (PR-EOS).
Conclusions
As a result of this study, the following conclusions can be made:
1. K-values extracted from the CVD and DL experiments provided a direct comparison between experimental and correlated K-values for UAE crude oil at high pressure. 2. K-values obtained from three correlations, namely the Wilson correlation, Whitson and Torp correlation, and the polynomial correlation, compared poorly with extracted, K-values for some hydrocarbon components. They also performed poorly for all non-hydrocarbon components.
3. A new correlation is proposed, for the UAE crudes. It is based on the same general formula for the polynomial correlation. However, the parameter for the correlation are modified to fit experimental data using multi-variable regression. The statistical comparison shows that the new correlation compares favorably well with results from the other three correlations included in this study. 4. Checking the accuracy of all correlations for calculating the bubble and dew points of several samples, which provide an independent test, shows the proposed correlation to predict the saturation pressures within an average of 6.08% compared to 56.34% for the Wilson correlation and 57.84% for the Whitson and Torp correlation. The Peng -Robinson equation of state, without tuning, predicted the saturation pressures within 9.28%. of a funded research project by ADNOC through the 
